Elevated serum urate levels lead to gout and are associated with hypertension, metabolic syndrome, type 2 diabetes and cardiovascular diseases. The purpose of this study was to identify evidence for genetic linkage with serum urate and to determine whether variation within positional candidate genes is associated with serum urate levels in a non-European population. Genetic linkage analysis and single nucleotide polymorphism (SNP) genotyping was performed in a large family pedigree cohort from Mauritius. We assessed associations between serum urate levels and 97 SNPs in a positional candidate gene, SLC2A9. A genome-wide scan identified a new region with evidence for linkage for serum urate at 4p15.3. SNP genotyping identified significant association between six SNP variants in SLC2A9 and serum urate levels. Allelic and gender-based effects were noted for several SNPs. Significant correlations were also observed between serum urate levels and individual components of metabolic syndrome. Our study results implicate genetic variation in SLC2A9 in influencing levels of serum urate over a broad range of values in a large Mauritian family cohort. 
INTRODUCTION
Hyperuricemia is associated with, and often precedes, several cardiovascular disease (CVD) risk factors including hypertension, inflammation, dyslipidemia, kidney disease, obesity, insulin resistance and metabolic syndrome. 1 Furthermore, increased serum urate has been shown to be an independent risk factor for CVD in high-risk individuals. 2 Urate (uric acid) is the end product of purine metabolism in humans due to the evolutionary loss of hepatic urate oxidase (uricase) activity. This loss of enzymatic function has led to uniquely high serum urate levels compared with other mammals. 3 In humans, several factors can lead to increased levels of serum urate (hyperuricemia) as a result of elevated generation and decreased excretion. These include high dietary intake of purines, high fructose intake, alcohol consumption, impaired renal excretion of urate and defective purine metabolism due to genetic disorders, such as hypoxanthine guanine phosphoribosyltransferase deficiency. 4 Given the significant health consequences of variation in serum urate, we sought to understand the mechanisms controlling its levels. In this article, we present the results of our genetic linkage analysis that has identified a novel quantitative trait locus influencing serum urate levels at 4p15.3. Notably, recent genome-wide association studies have identified a strong positional candidate gene, SLC2A9, in this region. [5] [6] [7] In this study, we aim to characterize the genetic variation contributing to the linkage signal observed at 4p15.3 by single nucleotide polymorphism (SNP) genotyping the positional candidate SLC2A9 in the Mauritius Family Study population. The Mauritius Family Study focuses on large family pedigrees from a subset of the Mauritian population to minimize heterogeneity and environmental effects.
MATERIALS AND METHODS

Ethics statement
The project was submitted to and approved by the International Diabetes Institute Ethics Committee and the SSR Centre for Medical Studies and Research Ethics Committee in Mauritius.
Subjects and genotyping
The Mauritian Family Study consisted of a cohort of 399 individuals in 20 large extended pedigrees. 8 Descriptive statistics of the Mauritius Family Study participants in the genome-wide scan are shown in Table 1 . The participants in this study were genotyped for an autosomal genome-wide scan that incorporated up to 762 microsatellite markers per individual with an average spacing across the genome of 4.5 cM. The markers were genotyped on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) according to standard protocols and analyzed with GeneMapper version 2.0 software. The average heterozygosity of these markers was 0.75. SNP genotyping was carried out using the MassARRAY system (Sequenom, San Diego, CA, USA) according to the manufacturer's protocol.
Linkage and association analysis
The Sequential Oligogenic Linkage Analysis Routines (SOLAR) software package 9 was used for all statistical analysis on related individuals using the variance component-based approach. Heritability analysis, allele sharing, multipoint analysis and linkage analysis were performed on the full data set. Maximum likelihood techniques that account for pedigree structure were used to estimate allele frequencies for SLC2A9. Similarly, SOLAR was used to perform tests of Hardy-Weinberg equilibrium allowing for non-independence among pedigree members. Multivariant methods generally require that individuals with missing data be excluded from the analysis, which can result in a significant decrease in sample size. To minimize this issue, we use likelihood-based imputation with the Merlin computer package (Ann Arbor, MI, USA), 10 which uses an adaptation of the method by Burdick et al 11 to impute SNP data in pedigrees rapidly. The association model that we have used represents a simple extension of the classical variance component model described more fully elsewhere 12, 13 to correct for the effect of multiple testing for a given phenotype, we estimated the effective number of SNPs using the method of Li and Ji. 14 
RESULTS
Genome-wide scan identifies strong evidence for linkage to chromosome 4p15. 3 Pedigree-based variance components linkage analysis using the computer package Solar (San Antonio, TX, USA) 9 was used to search the genome for quantitative trait loci (QTLs) influencing the quantitative trait underlying serum urate. Covariate effects such as sex, age and smoking history were simultaneously evaluated with genetic effects.
Significant evidence for linkage with serum urate was observed at the cytogenetic location 4p15.3, with a logarithm of odds (LOD) score of 3.7 at 31.3 Mb. The nearest marker for this peak was D4S2912. Figure 1a depicts two other regions that showed suggestive linkage at 1q24 (LOD¼2.0 at 145.7 Mb) and 7q36 (LOD¼2.1 at 149.8 Mb) according to the definitions determined by Lander and Kruglyak. 15 Figure 1b shows the detailed linkage analysis results for chromosome 4. A strong gender effect was observed in the linkage study (covariate gender P-value¼1.36Â10 À6 ).
Previous studies have shown association between variants in SLC2A9 and serum urate levels in European populations. 6 SLC2A9 lies within a 2 LOD confidence interval of our QTL peak. Therefore, SLC2A9 was selected as the strongest positional candidate gene and was characterized further using genetic variation analysis in the Mauritius Family Study cohort. We observed heritability at 38% for serum urate (data not shown).
Genotyping of SNPs within the positional candidate gene SLC2A9
A total of 97 annotated SNPs were selected in SLC2A9 for genotyping based on the relative position of the variant to the gene's structure and hence its potential for conferring a functional consequence. Out of 97 SNPs, 56 were found to be polymorphic in the founder (n¼92) population. This result is not unusual as NCBI and HapMap databases are generally skewed toward European and Asian populations which do not reflect the ethnic background of Mauritius. The pattern of linkage disequilibrium (LD) measured by the absolute correlation (r) of polymorphic SNPs in SLC2A9 (Supplementary Figure 1) appears to be mostly random. On the basis of evaluation of the eigenstructure of the correlation matrix among markers, 16 we calculated the effective number of independent SNPs to be 29.1.
Six SNPs showed a significant nominal association with serum urate levels in the founder population and were genotyped in the full cohort (n¼399). Of these, rs6449213 showed the strongest association with serum urate (P¼0.0013) that remained significant after adjustment for multiple testing with target a at 0.002 (Table 2a ). Other SNPs showing nominal association with serum urate are shown in Table 2a . These six SNPs account for B4% of the total variation in urate levels. The associations remained significant and changed only marginally after adjustment for BMI (Table 2b ), suggesting that the relationships are independent of BMI and are consistent with a lack of correlation to BMI (Supplementary Table 1) . To test this, we performed conditional linkage analysis with these SNPs. Consistent with previous studies, 5 we also observed a strong gender-specific effect of allelic variation for the association with serum urate in rs6449213 when adjusted for age and BMI (Table 2b) .
Incorporation of the rs6449213 variant into the linkage model marginally affected the linkage peak, however it retained statistical significance, suggesting there is another variant or variants in this region contributing to the observed linkage peak and altering serum urate levels (data not shown).
Correlation coefficients between serum urate levels and components of metabolic syndrome were significant at the Po0.01 level using traits from the WHO definition and National Cholesterol Education Program -Adult Treatment Panel III (NCEP-ATPIII) including abdominal obesity, plasma glucose, waist/hip ratio, systolic and diastolic blood pressure, HDL-cholesterol and triglycerides (Supplementary Table 1 ). No correlation was observed between serum urate and BMI.
DISCUSSION
Serum urate is a predictor of cardiovascular disease. Increased serum urate has been shown to be an independent risk factor for CVD in high-risk individuals. 2 To better understand the mechanisms that control serum urate levels, we undertook a genome-wide linkage scan identifying three novel loci at 4p15, 1q24 and 7q36. As a result of the genetic background of Mauritius, our study results do not overlap with a recent genome-wide linkage scan in Mexican Americans that identified a QTL regulating serum urate at 3p26 17 and therefore identify additional genetic factors influencing serum urate.
Within the 4p15 QTL lies SLC2A9, a strong positional candidate identified by literature database mining and previously published association by genome-wide association studies. We typed 97 SNPs in SLC2A9 in the Mauitius Family Study cohort and found six SNPs strongly associated with serum urate levels after adjustment for multiple testing. Several of these associations are consistent with previously published genome-wide association studies. Brandstatter et al 5 report strong associations with serum urate for rs6855911, rs644921 and rs7442295 in Bruneck study. Associations were reported for rs6855911 and rs7442295 in SardiNIA and InCHIANTI cohorts 6 and Wallace et al 7 reported an association for rs7442295 in the GRAPHIC, BRIGHT and TwinsUK cohorts. In each of these studies, A QTL for serum urate at 4p15 N Cummings et al consistent with our study results, the direction of the effect showed decreased serum urate levels with each copy of the minor allele and P-values for association with urate ranged from 10 À9 to 10 À13 . Our work shows that these SNPs are associated with serum urate across a range of genetic backgrounds including Mauritius. We observed a strong allele effect for several SNPs associated with serum urate in SLC2A9. In the SNPs rs6449213, rs6855911, rs16890979, rs938552 and rs938554, serum urate was significantly reduced in individuals homozygous for the minor allele by up to 30% when compared with serum urate levels in individuals homozygous for the major allele. For rs7442295, serum urate was raised significantly with the minor allele.
A strong gender-based effect was noted for rs6449213. For this SNP, females account for the majority of variation in serum urate with up D4S2936  D4S412  D4S3023  D4S2935  D4S403  D4S419  D4S2994  D4S3022  D4S391  D4S2912  D4S1587  D4S405  D4S2971  D4S428  D4S1592  D4S398  D4S3004  D4S392  D4S3042  D4S2964  D4S1534  D4S2460  D4S414  D4S2986  D4S1572  D4S406  D4S402  D4S1615  D4S1575  D4S1579  D4S424  D4S2962  D4S413  D4S1595  D4S1539  D4S415  D4S2920  D4S1535  D4S2924  D4S3051  D4S426 A QTL for serum urate at 4p15 N Cummings et al to 38% reduction in serum urate for individual females carrying the minor allele. Interestingly, 10 out of 13 (77%) women in the Mauritius cohort with hyperuricemia, defined as serum urate 4365.8 mmol/l, are homozygous for the major allele. The findings of an independent study suggest that the increased serum urate levels noted here would increase the risk of mortality from ischemic heart disease in women by almost 2%. 18 Two of the SNPs associated with serum urate, rs938552 and rs938554, are in high LD with each other. These SNPs are not located within the exon structure of SLC2A9 but are found in an internal locus, designated LOC100131256, in intron 7 of the gene. Although these SNPs are associated with serum urate levels, and contribute to the linkage peak in the genome-wide scan, no functional inference can be made as the properties of this locus are currently unknown.
Significant correlations were observed between serum urate levels and individual components of metabolic syndrome (Supplementary Table 1 ). Components of metabolic syndrome were chosen from the WHO and NCEP-ATPIII definitions and all traits were correlated except BMI. This may be due to the fact that abdominal obesity is more highly correlated with metabolic risk factors than BMI, which is further supported by the observed correlation between abdominal obesity and serum urate levels. Despite the correlation between fasting plasma glucose and serum urate levels, hyperglycemia is unlikely to cause the distinct gender differences noted in this study as HbA1c levels in the study population were almost identical between genders (data not shown).
Our studies describe an association between genetic variants in the SLC2A9 gene and serum urate levels in the Mauritian population. Several of these variants show a distinct gender bias. Although there are clear correlations between serum urate levels and components of metabolic syndrome, a causal role for serum urate is yet to be elucidated. 
